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ABSTRACT-The capacity of Xiphophorus to develop neo-
plasia can be forrnally assigned to a "tumor gene" (Tu), which 
appears to be a normal part of the genome of all individuals. The 
wild fish have evolved population-specific and cell type-specific 
systems of regulatory genes (R) for Tu that protect the fish from 
neoplasia. Hybridization of members of different wild popu-
lations in the Iaborstory followed by treatment of the hybrids with 
carcinogens led to disintegration of the R systems permitting 
excessive expression of Tu and thus resulting in neoplasia. Certain 
hybrids developed neoplasia even spontaneously. Observations on 
the genuine phenotypic effect of the derepressed Tu in the early 
embryo indicated an essential normal function of this oncogene in 
cell differentiation, proliferation and cell-cell communication. Tu 
appeared to be indispensable in the genome but may also be 
present in accessory copics. Recently, c-src, the cellular homolog 
of the Rous sarcoma virus oncogene v-src, was detected in 
Xiphophorus. The protein product of c-src, pp6oc·m·, was 
identified and then examined by its associated kinase activity. 
This pp60c-src was found in all individuals tested, but, depending 
on the genotype, its kinase activity was different. The genetic 
characters of c-src, such as linkage relations, dosage relations, 
expression, etc., correspond to those of Tu. From a systematic 
study which showed that pp60"-"" was present in all metazoa tested 
ranging from mammals down to sponges, we concluded that c·src 
has evolved with the multicellular organization of animals. 
Neoplasia of animals and humans is a characteristic closely 
related to this evolution. Our data showed tbat small aquariurn 
fish, besides being used successfully because they are time-, space-, 
and money-saving systems for carcinogenicity testing, are also 
highly suitable for basic studies on neoplasia at the populational, 
morphological, de-velopmental, cell biological, and molecular 
Ievels. - Natl Cancer lnst Monogr 65: 97-109, 1984. 
ABBREVIATIONS: MNU = N-methyl-N-nitrosourea; BC = backcross 
generation; Tu= tumor gene; R= pigment cell-specific regulatory 
gene for Tu; v-src= transforming gene from Raus sarcoma virus; 
c-src= cellular homolog of v-src; pp60v-.m· and pp60c-src = phospho-
protein gene products of v-src and c-src (mol wt = 60,000). 
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Neoplasia was found in all taxonomic groups of eu-
metazoa and was even detected in fossils of prehistoric 
animals, such as sauria, and mammals including humans 
(1-3). 
Neoplasia occurs infrequently in the natural populations 
of eumetazoa, and induction by carcinogens is difficult ( 4, 
5). However, certajn nontaxonomically defined groups of 
animals are highly susceptible to both spontaneously devel-
oping and carcinogen-triggered neoplasms [table I; (6-31)]. 
These groups consist mainly of animals of hybrid origin, 
such as naturally occurring or experimentally produced 
interspecific, interracial, and interpopulational hybrids (5) 
as weil as Iabaratory and domesticated animals (6) which 
actually arealso hybrids (i.e., homozygous combinations of 
chromosomes of different population or racial prove-
nance). These animals share their high susceptibility to 
neoplasia with humans (4). The hybrid animals can serve as 
models for the research on the origin of neoplasia in 
humans and can serve as tester organisms for the carcino-
gens in our environment (32). The rationale underlying the 
use of these animals as models is based on the assumption 
that the biological fundamentals of neoplasia are similar in 
models and human beings. 
Although mice and rats are the etassie laboratory 
animals used in experimental cancer research, several 
genera of small teleo~t fish serve increasingly as models in 
new cancer research programs. Their suitability is beyond 
question (except for research on breast cancer, lung cancer. 
etc.), and their efficiency is more economic and time~saving 
as compared with that of the mammals (32, 33). One of 
these genera is Xiphophorus, the anima] model that we 
have used in our laboratories for 25 years (4, 5, 34-36). 
TAXONOMie STATUS OF THE 
WILD XIPHOPHORUS 
Xiphophorus, including platyfish and swordtails, lives in 
genetically isolated populations in brooks, rivers, lakes, 
ponds, and pools in Central America and has evolved into 
innumerable genotyptcally and phenotypically distinguish-
able groups. Haseo on certam morphologtcal, ecological, 
and ethological characteristics, 17 of these groups have 
been listedas species (37, 38). All individuals ofthis genus, 
however, can be hybridized in the Iabaratory without 
difficulty, and all hybrids are fertile. This finding and those 
results on the conformity of genome organization (39), the 
low degree of enzyme polymorphism ( 40), and the normal 
chromosome pairing during meiosis in the hybrids (41) led 
to the conclusion that the taxonomic differences between 
these groups of Xiphophorus are not at the species Ievel but 
at the Ievel of elementary local populations as weil as 
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TAßLE 1.-Anima/s thal exhibited a high tumor incidence 
Species Tumor Reference 
lnsects 
Drosophila Iabaratory stocks 
Solenobia hybrids 
Various neoplasms (7) (8) II II 
Teleosts 
" Xiphophorus hybrids 
Girardinus Iabaratory stocks 
Ornamentalguppystrains 
Orange medaka 
Domesdcated traut 
Salvelinus hybrids 
Promoter~induced melanoma 
Carcinogen-induced hepatoma 
Hepatama 
(9-11) 
(12) 
(13) 
(14) 
(15) 
(16) 
(17) 
(18) 
(19) 
(20) 
Aflatoxin-induced liver tumors 
Fibrosarcoma 
Domestic carp Neuroepithelioma 
Ornamental hybrid carp 
Lake Ontario hybrid carp 
Goldfish 
Ovarian neoplasia 
Pollution-conditioned gonadal tumors 
Erythrophoroma 
Amphibia 
Bufo calamita and B. viridis hybrids Chordomas (21) 
(22) 
(23) 
Birds 
Musk duck and mallard hybrids 
Peacock and guinea fowl hybrids 
lmproved breeds of fowl 
Gonadal turnors 
Leukosis (6) 
Mammals 
Mus rnusculus and M. bactrianus hybrids 
Labaratory mice strains 
Various neoplasms (24) 
(25) 
(25) 
(26) 
(27) 
(28) 
II II 
Hybrids of mice strains 
BALB/ c and NZB hybrids 
lncreased incidence of various neoplasms 
Plasma cell tumors (50%) 
Blue ribbon mice Mammary tumors (100%) 
Sprague~Dawley and Long~Evans hybrids 
Domestic dogs 
lncreased mammary tumor incidence 
Various neoplasms {6) 
(29) 
(6) 
(30) 
(31) 
Boxers II " 
Domestic cats 
Sinclair swine Melanoma 
Lipizzaner horses 
ecological and geographical races. The ease of hybridizing 
animals from the different taxonomic groups of Xipho-
phorus listed as species, therefore, is no curiosity in the 
animal kingdom but is comparable to the frequently 
occurring hybridization between animals of different popu-
lations or local races from other teleosts as well as 
amphibia, lizards, birds, mammals (40), and humans. 
SUSCEPTIBILITY TO NEOPLASIA IN 
XIPHOPHORUS HYDRIDS 
About 10,000 specimens of purebred descendants of the 
wild populations have been treated with powerful car-
cinogens, such as benzo[a]pyrene, MNU, and X-rays, but 
none developed neoplasia. Contrastingly, of I 0,195 hybrids 
which survived treatment with MNU or X-rays, 805 (8%) of 
the individuals developed a large variety of neoplasms 
(table 2). Most of the neoplasms wer~ classified as 
neuragenie and mesenchymal, with melanoma, neuro-
blastoma, and fibrosarcoma the predominant types. Epi-
thelial neoplasms were less frequent but comprised those 
with the largest diversity. Tumors comparable to those 
of mammals and humans developed in almost all tissues 
including connective tissue, muscles, and the pigment 
cell, nervaus cell, gastrointestinal, and reticuloendothelial 
systems. 
ASSIGNMENT OF CANCER SUSCEPTIBILITY 
TO ONCOGENES AND REGULATORY GENES 
At present, Xiphophorus is the only model, at least to 
our knowledge, in which susceptibility to carcinogen-
triggered neoplasia was assigned to oncogenes and regu-
latory genes. Information about these genes comes from the 
analysis of the hereditary trait of certain spontaneously 
developing melanomas, pterinophoromas, neuroblastomas, 
thyroid carcinomas, and reticulosarcomas in hybrids. The 
hybrid animals that develop the neoplasms spontaneously 
are rare compared with those that require carcinogen 
induction for tumor development. However, they can be 
bred at the will of the experimenter and have therefore 
contributed many facts for development of ideas about how 
other animals and humans might inherit susceptibility to 
neoplasia (34-36, 46, 47). 
Oncogenes and Regulatory Genes in Animals 
Developing Melanoma Spontaneously 
To illustrate the assignment of cancer susceptibility to 
distinct genes in greater detail, we used melanoma because 
this type of tumor is easily detectable by its heavy melanin 
pigmentation. Even singly transformed pigment cells can be 
distinguished from nontransformed pigment cells by gross 
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TABLE 2.-Neop/asia in Xiphophorus Fz-Fu and BCn 
generations 11 
Percent 
incidence 
Type of neoplasm No. of neoplasms based on total No. of 
survivors 
MNU X-rays MNU X-rays 
Neurogenie 
Melanoma (benign) 135 93} 2.12 2.6 Melanoma (ma1ignant) 138 3j 491 2.09 0.95 
Neuroblastoma 84 1.27 0.2 
Epithelial 
Squamous cell carcinoma 6 0 0.09 0 
Epithelioma 19 6 0.28 0.17 
Carcinoma (low differen- 3 4 0.05 0.11 
tiation) 
Carcinorna (high differen- 2 5 0.03 0.14 
tiation) 
Adenocarcinoma (kidney) 8 2 78 0.12 0.05 
Adenoca rcinoma 2 3 0.03 0.08 (thyroid) 
Papilloma 9 0 0.14 0 
Hepatoma 5 I 0.07 0.03 
Acanthorna 3 0 0.04 0 
Mesenchymal 
Fibrosarcoma 190 
B236 
2.87 0.17 
Rhabdornyosarcoma 33 0.5 0.05 
Lymphosarcoma I 0.01 0 
Reticulosarcoma 4 0.06 0 
Total 642 163 805 
Q One year after treatment with MNU (10"1 M four times for I hr in 
2-wk intervals) and X-rays (I ,000 roentgens three times for 45 min in 6-wk 
intervals). Survivors: MNU= 6,608; X-rays= 3,587. Data were compiled 
from (42-45). 
examination of the living animal ( 48). Furthermore, 
morphological, ultrastructural, and histochemical markers 
specific to the successive stages of pigment cell differentia-
tion facilitate the detection of the event of neoplastic 
transformation. This facilitation and the ease with which 
crossings in Xiphophorus can be accomplished provided 
the background for the design of the experiments that 
elucidated the oncogenes and regulatory genes by formal 
genetics. 
Crosses (fig. 1 A-H) of a certain X. maculatus (platyfish), 
which is infrequently spotted (A), with a certain X. helleri 
(swordtail), which is never spotted (B), result in F1 that 
develop uniformly benign melanoma instead of spots (C). 
Backerosses of the first generation hybrids with the 
swordtail as the recurrent parent (D) result in offspring 
(BCI), 50% of which exhibit neither spots nor melanoma 
(G and H), whereas 25% develop benign melanoma (E), 
and 25% develop malignant melanoma (F). Further back-
crosses (not shown in fig. 1) of the fish carrying benign 
melanoma with the swordtail result in a BC2 that exhibits 
the same segregation as the BC 1 • The same applies for 
further backcrosses of this kind. Backcrossing of the fish 
carrying malignant melanoma with the swordtail results, 
however, in a BC2 in which 50% of the animals do not 
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develop melanoma, whereas the remaining 50% develop 
malignant melanoma. In contrast, backcrossing of the 
melanoma-bearing hybrids with the use of the platyfish as 
the recurrent parent results in a gradual suppression and 
finally disappearance of neoplasia in the succeeding genera· 
tions (fig. 2). 
The results obtained in these 2 series of crossing 
experiments revealed several genetic components that are 
involved in melanoma formation or protection from 
melanoma (see fig. 3): 
I) The platyfish genome contains the genetic information 
for the development of spots which is lacking in the 
swordtail. Because the spots consist of transformed pig· 
ment cells (48), this information is considered to be 
encoded by an oncogene, Tu, which is an accessory gene of 
the platyfish genome. From about 70 structural changes 
involving crossovers, deletions, duplications, and trans-
locations, we know that Tu is normally located at the end 
of the X-chromosome of X. maculatus ( 42, 49-51) and is 
apparently also responsible for the large variety of the 
carcinogen-triggered neurogenic, epithelial, and mesen· 
chymal neoplasms (35. 43) listed in table 2. 
2) The protection of the platyfish from the activity of its 
own Tu is apparently exerted by regulatory genes. After 
hybridization, Tubecomes dysregulated indicating that the 
swordtail Iacks not only the oncogene Tu but also the 
regulatory genes (34). Several types of regulatory genes can 
formally be deduced from the outcome of the crossing 
experiments: 1) The restriction of crossing-conditioned 
neoplasia to melanoma indicates the presence of a Tu-
linked pigment cell-specific regulatory gene which, as we 
know from mutagenesis studies (35, 42, 50, 51) and from 
comparison of the Tu-containing chromosomes shown in 
the schemes of figs. 3 and 4 (see later), is impaired by 
mutation. Out of the tissue-specific regulatory genes only 
the impaired pigment cell-specific regulatory gene for Tu, 
i.e., R', is shown in the scheme (fig. 3). 2) The restriction of 
the crossing-conditioned melanomas to the posterior part 
of the body and to the dorsal fin indicates the presence of 
Tu-linked regulatory genes that are specific to certain 
compartments of the body. In additional experiments 
corresponding to those shown in figs. 1-3, depending on 
the genotype (mutant) of the platyfish used for the initial 
crosses, melanoma develops, for instance, in the anterior 
part of the body, anal fin, tail fin, mouth, eye, peritoneum, 
or meninx, etc. Thirteen compartments have been identi-
fied that correspond to different genes which, in turn, 
correspond to sites of the body where the melanomas occur 
(35). Out of these compartment-specific regulatory genes 
only the impaired dorsal fin-specific regulatory gene, i.e .. 
RD/', and the posterior part-specific regulatory gene, i.e., 
Rpp·, are shown in the scheme. 3) The clear-cut I: I 
segregation between the BC-hybrids bearing malignant 
melanomas and those bearing benign melanomas indicates 
the existence of a prominent regulatory gene that is not 
Iinked to the oncogene Tu. Because the benign melanomas 
consist, in contrast to rnalignant melanoma, predominantly 
of terminally differentiated transformed pigment cells ( 48, 
52) this regulatory gene is considered to be involved in 
differentiation of these cells, and was, therefore designated 
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FIGURE 1.-Crossing procedure for the production of melanoma developing hybrids of Xiphophorus. A) X. macu/atus from Rio Jamapa 
(Mexico); some small spots in the skin of the dorsal fin and the side of the body are visible. Spots consist of terminally differentiat~d, 
neoplastically transformed pigment cells. B) X. helleri from Rio Lancetilla (Mexico) always lacked spots. C) F, developed bent~n 
melanoma instead of spots (100% of the F1 ). D) X. hel/eri from B) used in the backcross as the recurrent parent. E) Backcross hv.bnd 
with benign melanoma (25% of the BC generation). F) Backcross hybrid with malignant melanoma (25% of the BC generatlon). 
G), H) Backcross hybrids that do not develop melanoma (50% of the BC generation). 
as Diff The Diff-containing chromosome can easily be 
detected by an esterase marker, Est-1, which is closely 
linked to Diff (35,· 53-59). Additional genes involved in 
melanoma formation have been identified but have not 
been taken into consideration in this study. 
Following crossings and backcrossings with the sword-
tail as the recurrent parent, the chromosomes of the 
platyfish are replaced by the homologaus chromosomes of 
the swordtail, resulting in the gradual disintegration of the 
regulatory gene system for Tu. Thus the Tu hybrids develop 
spontaneously benign melanoma if some regulatory genes 
such as Diff are still present in the system and malignant 
melanoma if the regulatory genes are lacking (34, 35, 53, 56, 
58, 59). lf Tu is lacking, no melanomas occur. 
In contrast, after backcrossings of the melanoma-bearing 
hybrids with the platyfish as the recurrent parent (fig. 2), 
the chrornosomes carrying regulatory genes are reintro~ 
duced into the descendants. This results in a reconstruction 
of the original regulatory gene system that suppresses the 
activity of Tu. 
Oncogenes and Regulatory Genes in Animals Requiring 
Carcinogenic lnducers for the Development of Melanoma 
To relate the genes that are responsible for the spon~ 
taneous development of melanoma to the genes that are 
basically involved in the development of the carcinogen~ 
dependent neoplasms, we replaced the R' Ro/ Rpp' Tu-
chromosome (fig. 3) by the R RDt Rss' Tu~chromosome 
(fig. 4), the pigment cell-specific R and dorsal fin-specific 
RDf of which are nonmutated and active, and the com-
partment-specific Rosthat normally protects the entire side 
of the body from melanoma is mutated to Ras'. The RPp 
was not taken into consideration in these experiments. 
Because R is inherited with Tu, melanoma does not develop 
spontaneously in the hybrids. After treatment with car-
cinogens, those hybrids carrying the R RoJ Ros' Tu-
chromosome but lacking the nonlinked regulatory genes 
including Diffare highly sensitive to the carcinogens on the 
body side. Thus development of melanoma requires only 
impairment or deletion of the pigment cell-specific R gene 
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FIGURE 2.-Crossing procedure for the suppression of melanoma in Xiphophorus. A) Malignant melanoma bearing backcrosshybrid 
according to figure I F. B) X. macularusaccording to figure JA as the recurrent parent. C) Quasi F1 ex.hibiting benign melanoma. D) X. 
maculatus as the recurrent parent, E), F), G), H) Backcross hybrids (quasi X. maculatus) exhibiting spots only. 
by the carcinogen in a sornatic cell at the side of the body 
(32, 60, 61). 
Problem of Tissue Specificity of the Oncogene 
and of the Regulatory Gene System 
The hybrid segregants that were highly susceptible to 
carcinogen-triggered melanoma were also susceptible to the 
induced neuroblastoma, epithelioma, and fibrosarcoma 
(43-45, 60, 61). Furthermore, rpany hybrid individuals 
treated with carcinogens, in addition to the melanoma, may 
also develop multiple neoplasms, such as neuroblastoma, 
retinoblastoma, carcinoma, and sarcoma. Therefore, the 
development of the different carcinogen-induced neo-
plasms apparently depends on the same Tu-containing 
chromosome like that of melanoma (43-45, 60, 61). 
Additional studies are required before investigators can 
decide whether I) Tu is tissue-nonspecific although tissue 
specificity of the tumor comes from Tu-linked, tissue-
specific R genes, or 2) whether Tu is an oncogene complex 
composed of tissue-specific constituents that are under the 
control of linked R genes specific to the Tu constituent. 
USE OF SMALL FJSH IN CARCINOGENICITY TESTINO 
Experiments in which susceptibility to neurogenic and 
epithelial neoplasia could be assigned to a certain chromo-
some, though susceptibility to neoplasms of mesenchymal 
origin depended on a different chromosome (60, 61), tempt 
one to assume that Tu actually could be composed of 
several constituents that are tissue specific and could be 
considered as different oncogenes. 
GENUINE ONCOGENIC EFFECT OF Tu IN THE 
PIGMENT CELL SYSTEM OF EARLY EMBRYOS 
Information about the genuine oncogenic effect of Tu 
comes from a balanced Iabaratory stock carrying a Iethai 
Tu translocation. The Tu copy became translocated from 
an X-chromosome of X. maculatus to an autosome of X. 
hel/eri and, in its new position, is no Ionger controlled by its 
formerly linked regulatory genes that act in cis~position 
only (42). Nonlinked regulatory genesarenot present in the 
system except for Diff The Tu-carrying progeny of the 
stock segregates into 50% carrying Diff which survive, 
whereas the corresponding 50% lacking Dif/are Iethai (42). 
As a consequence of the Mendelian inheritance of the 
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FIGURE 3.--Crossing scheme according to figure I, which displays the genetic conditions for the "spontaneous" development of spots, 
benign melanoma, and malignant melanoma. --= chromosomes of X. maculatus,· -- --= chromosomes of X. helleri: Tu= tumor 
gene; RPp' and RDJ'== impaired regulatory genes controlling Tu in the compartments of the posterior part of the body (Pp) and the 
dorsal fin (Df); R'= impaired regulatory gene specific to pigment cells but nonspecific to the compartments; D([f= regulatory gene 
controlling differentiation of neoplastically transformed cells~ Est-1 = locus for esterase-1 of X. maculatus. c-src= pp60c-.m· kinase 
actlvity expressed as counts per minute/ milligram protein); note basic and excessive activity and correlation between c-src expression 
and Tu expression. Data from (4, 5, 32, 75) were combined. 
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FIGURE 4:-Crossing sc~eme displaying the genetic conditions for susceptibility to carcinogen--dependent neoplasia. The highly 
suscep~1bl.e genotype. IS e~tremely sensitive to the carcinogenic (mutagenic) trigger. See legend to figure 3 for explanation of 
abbrev1at1ons. Rs< = 1mpa1red regulatory gene controlling Tu in the compartment of the entire side of the body (Bs). Data from (4, 5, 
32, 75) were combmed. 
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unrestrained Tu through the germ line, the pigment cell 
precursors becorne transformed as soon as they become 
competent for neoplastic transformation by cell differentia-
tion in the embryo (62). Du ring the first days of embryonie 
life, differentiation of pigment cells still undergoes the 
normal course. After the embryo is 5 days old, some single 
cells become transformed, and at a later time about 10-20 
dividing transformed melanoblasts appear in the peduncle 
of the tail fin. These melanoblasts differentiate within 
approximately 15 hours to transformed melanocytes (fig. 
5A), which represent the predorninant cells of the growing 
melanoma. During further development of the embryo, 
neoplastic transformation continues in all areas where 
pigment cell precursors become competent (fig. 58), and the 
melanoma grows by both transformation and proliferation, 
thus developing into a "whole body melanoma,. (fig. SC), 
USE OF SMALL FISH IN CARCINOGENICITY TESTING 
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FtGURE 5.-Genuine oncogenic effect 
of the tumor gene Tu. A) Ten-day-
old embryo (3 mm long) exhibiting 
some T -melanocytes at the peduncle 
of the tail fin (see arrow). B) Same 
fish, 5 days later ( 4 mm Jong). C) Neo· 
nate of the same genotype (6 mm 
long). 
which will kill the fish before or after birth. The develop-
ment of melanoma in the early embryo reflects the genuine 
oncogenic effect of the completely derepressed Tu on the 
pigment cell system (35, 42, 62). 
CONCEIVABLE NONONCOGENIC FUNCTIONS 
OF Tu IN THE EMBRYO 
The observations on the genuine oncogenic effect of Tu 
in the embryo tempt us to assume that Tu exerts important 
normal functions in cytodifferentiation and proliferation in 
the early em bryo that are related to the neural crest where 
the pigment cell precursors originate. Moreover, we assume 
that in normal embryogenesis these functions become 
switched off or choked by the regulatory genes before the 
fifth day of embryonie life. If, however, the regulatory 
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genes (i.e., the entire switch in the lethal Tu translocation) 
are lacking, Tu continues to exert its early embryo-specific 
functions which, as an extension of the cellular develop~ 
ment in the early embryo, appear as transformation of the 
competent cells to the neoplastic state. 
The assumption of normal (nononcogenic) functions of 
Tu in early embryogenesis raises the question regarding the 
genes that might excrt these functions in the animals 
lacking Tu, such as swordtails, used in the experiments 
described earlier. This question Ieads to the problern of 
indispensable and accessory copies of the oncogenes that 
will be discussed later. 
PROBLEM OF INDISPENSABLE AND ACCESSORY 
COPIES OF Tu 
About 30 deletions of Tu have been genetically char-
acterized, and some of the major deletions involving both 
Tu and its linked regulatory genes were, in addition to the 
genetic results, observed cytologically (50). Furthermore, 
deletions of Tu copies have been observed in all of our 
Tu-containing stocks of the genus Xiphophorus, including 
X. maculatus, X. variatus, X. xiphidium, X. helleri and X. 
montezumae (42). All deletions, even the loss of one Tu-
containing Giemsa band in the homozygous condition in 
the female or in the heterozygous state in the male 
(observed in the X-chromosome of X. macu/atus) have no 
detectable effect on the viabi1ity of the fish (50). This 
observation and the fact that wild populations may Iack Tu 
in totalled us to the conclusion that thc Tu considered so 
far is accessory for the fish. We do not imply that the 
accessory Tu is lacking normal functioning. One could, for 
instance, assume that certain indispensable copies of Tu are 
present in the genome and may compensate the loss of the 
accessory Tu loci according to a gene dosage compensation 
mechanism, which warrants normal functions. Support for 
this assumption comes from the following experiment. 
Platyfish carrying the X-chromosome deletion of the 
Giemsa band that involves the accessory Tu were crossed 
with the swordtail according to the procedure outlined in 
figure 3. As was expected, no X-chromosome inherited 
tumors developed spontaneously in the hybrids, but after 
treatment with MNU, the backcross hybrids developed 
melanomas that could be assigned to an autosome of X. 
maculatus. Thus it appears that the platyfish, besides the 
easily detectable accessory Tu copies, also contains indis-
pensable ones that require more intricate experiments for 
their detection. 
So far we could not detect any individual of the genus 
Xiphophorus that Iacks the genetic information for neo-
plastic transformation. Even individuals having lost the 
easily detectable Tu copies still contain oncogenes for the 
development of neoplasia. These oncogenes can always be 
noted after the appropriate crosses and with the appropri-
ate carcinogenic treatment that trigger the neoplasms that 
are always chromosome specific. Therefore, oncogenes 
seem to be indispensable for the fish. Accessory copies of 
the oncogenes may be present but are not essential. If they 
are present, special regulatory gene systems are required for 
their control. We introduced up to lO authentic copies of 
Tu ( 4 copies in homozygous duplications in both X-chro-
mosomes of the female, 6 copies in 3 nonhomologaus pairs 
of autosomes) and their linked regulatory genes into the 
genome containing nonlinked regulatory genes, but no 
tumors developed spontaneously nor could any effect on 
viability be observed. We assume that the Tu copies present 
in a certain genome are not strongly limited in number if 
their control is warranted by regulatory genes. 
ONCOGENE DOSAGE EFFECT AND 
COMPENSATION 
The following experiments illustrate the conditions Iead~ 
ing to oncogene dosage effect and compensation. Both the 
X-chromosome of X. maculatus containing the accessory 
Tu (the X·chromosome according to fig. 3) and the 
X-chromosome of X. macu/atus having lost the Giemsa 
band carrying the accessory Tu were introduced into the 
genome of X. helleri lacking both the accessory Tu and the 
regulatory gene system. The xnl xDelx xru Y-matings were 
accomplished. The segregating offspring having none, I, or 
2, respectively, accessory Tu copies showed a clear~cut gene 
dosage effect (fig. 6). The animals lacking Tu show no 
neoplastically transformed pigment cell {A), the littermates 
containing I Tu copy exhibit a limited nurober of trans-
formed cells {B), and the segregants having inherited the 
double dosage of Tu develop malignant melanoma (C). 
However, if the experiment was modified by the use of 
animals as recipients for the X Tu, X Dei_ and Y -chromosomes 
that have retained the nonlinked regulatory genes, we 
observed gene dosage compensation (63). Dosage effect 
and compensation of the accessory oncogene Tu, therefore, 
depend on the absence or presence, respectively, of the 
nonlinked regulatory genes in these experiments. Oncogene 
dosage effect and compensation have been observed in 
many experiments of this kind (63). 
CELLULAR COUNTERPARTS OF RETROVIRAL 
ONCOGENES IN THE Tu MELANOMA SYSTEM 
Although neoplasia in Xiphophorus is weil understood 
with regard to formal genetics, thus far its molecular basis 
has been extremely resistant to any elucidation. 
Ten years ago, Tu of Xiphophorus was considered 
formally equated with oncogenes of endogenaus tumor 
viruses (42, 64) that were interpreted in the sense proposed 
by Bentvelzen (65), Todara and Huebner (66), and others 
(67). Our (68) experimental examination of this hypothesis, 
however, showed that B- and C-type particles present in 
melanoma and neuroblastoma following induction with 5-
bromodeoxyuridine apparently arenot related to neoplasia 
of the fish, and efforts to detect reverse transcriptase 
proved fruitless. This absence of prospects changed im-
mediately when cancer virology progressed to the elucida-
tion of cellular oncogenes. 
Oncogene v-src from Raus sarcoma virus has a counter-
part, c-src. in noninfected cells of the chicken (69). This 
c-src was also found in the human being, mouse, and calf 
(70). Commercial DNA derived from salmon obviously 
contains the same gene (70). However, no convincing 
evidence exists that relates the cellular src or its gene 
product, a 60,000-dalton phosphoprotein (pp6oc·src), with a 
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FIGURE 6.-Correlation between gene 
d osage effect of Tu (specified as 
the phenotype of the tumor) and 
pp6or-.lrc· kinase activity (expressed 
as counts per minute/ milligram 
protein) in littermates containing 
A) no accessory Tu, B) single dose 
of Tu, and C) double dose of Tu. 
Genetic background of the fish is 
identical. A) Tu is deleted in the 
germ line. B), C) The pigment cell-
specific R linked to Tu is im-
paired by germ-line mutation. 
6C 390 cpm/mg 
tyrosine phosphory1ating kinase activity to neoplasia that 
depends on conditions other than virus infections (71, 72). 
On the other hand, evidence had been presented that 
pp60c-src is expressed in a differentiation-dependent and 
tissue-specific manner ( 71). This was the state of knowledge 
about cellular oncogenes when we started our search for 
c-src and its product pp60c-src in Xiphophorus. 
The c-src was detected in Xiphophorus by molecular 
hybridization of src-specific probe from cloned v-src with 
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DNA from fish (Czernilofsky AP, Schart! M: Unpublished 
observations). To identify pp60c-src, they labeled brains of 
the fish with [32 P]orthophosphate; the cell extracts were 
imrnunoprecipitated with antisera frorn Rous sarcoma 
virus tumor-bearing rabbits followed by polyacrylamide gel 
electrophoresis. The 60,000-dalton protein detected in the 
gel has a tyrosine-specific kinase activjty and represents the 
pp60c-src (73). The kinase activity was measured according 
to Collett and associates (74). Fora detailed description of 
106 ANDERS, SCHARTL, AND BARNEKOW 
the experimental procedures, see the reports of Barnekow 
et al. (73), Schart! et a1. (75), and Schartl and Barnekow 
(76). The experiments are based on the assumption 
that the activity of the pp60c-src -associated phosphokinase 
monitors the activity of the endogenaus c-src oncogene in 
Xiphophorus. 
The kinase activity was determined in several tissues 
including skin, liver, spieen, testes, brain, and melanoma 
(73). The latter two always had the highest kinase activity, 
and genotype-specific differences in kinase activity were 
similar in both (73). Hence we could determine pp60c-src-
associated protein kinase activity mainly in brain extracts 
and relate the activity observed to the expression of Tu 
ascertained by the development of melanoma (75, 77). The 
possibility that the differences in kinase activity measured 
in the fish of different Tu genotypes are due to epiphe-
nomena of the melanoma appears unlikely (75) because 
our results reflect the actual genetic activity of the c-src 
oncogene in the nontumoraus brain tissue of the tumoraus 
and nontumoraus fish. 
To study the possible relation between Tu-conditioned 
neoplasia and c-src expression, we took advantage of the 
3 genetic experiments outlined in figures 3, 4, and 6. 
In the experiment recorded in figure 3, the purebred 
X. maculatus carrying 2 repressed copies of the accessory 
Tu, as weil as the purebred X. helleri and the BC-hybrids 
lacking the accessory Tu, display the same activity of c-src 
kinase (about 300 cpm/mg protein). This activity appears 
to be the basic expression of c-src. In contrast, the 
melanoma-bearing hybrids which contain the derepressed 
Tu show. an increase in c-src activity, with the malignant 
melanoma bearing BC-hybrids displaying the highest ac-
tivities (about 600 cpm/ mg protein). 
In the experiment illustrated in figure 4, all purebred and 
hybrid animals, irrespective of the Iack and the dosage of 
the accessory Tu, but dependent on the nontumoraus state 
exerted either by several regulatory genes or by a linked R 
alone (see the highly susceptible genotype), display a 
uniform c-src activity (about 200 cpmfmg protein) which 
seems to represent the basic c-src expression like that in 
purebred animals and Tu-lacking hybrids in the previous 
experiment (fig. 3). 
In littermates (fig. 6) genetically identical except for the 
Iack of the accessory Tu and the presence of 1 or 2 partially 
derepressed accessory Tu copies, c-src displays a kinase 
activity that increases stepwise and parallel to the Iack and 
the dosage of Tu (I 00, 200, 400 cpm/ mg protein), which, in 
turn, determine whether the animals will develop no tumors 
or slow- or rapid-growing tumors. Table 3 shows other 
experiments of the same kind that yielded similar results. 
The main results of these experiments are that the 
nontumoraus fish display a basic expression of c-src, 
which, in the tumoraus fish, may increase stepwise under 
2 conditions, i.e., the stepwise 1) derepression of an 
accessory Tu and 2) introduction of additional copies of a 
derepressed accessory Tu. These findings indicate several 
possibilities for an interpretation about how Tu is related to 
c-src: 1) It is independent from c-src, and the corre-
spondence between both Tu and c-src is due to linkage 
relationships. 2) The c-src represents a regulatory gene for 
TABLE 3.-The pp60c-src_associated kinase activity in 
brain extract.r specified by counts permilligram soluble protein 
in F; segregantsa 
Tu gene 
complel 
Striped' 
Dabbecf 
Dabbed1 
Dosage of Tu, cpm/ mg" 
None Single Double 
90 200 390 
170 NT 390 
200 260 I ,240 
• Three to 8 brains per measurement were used. 
b Differentgels each were measured. 
" One gel each was measured. NT= not tested. 
d The Tu copy of striped originales from the X- und Y -chromosomes of 
X. maculatus from Rio Jamapa, Mexico; the linked R and Rs. are 
impaired (see lig. 4), which resulted in the phenotype shown in figure 6. 
' The Tu copy of dabbed originales from an autosome of X. helleri 
from Belize River, British Honduras; Tu-control is partly impaired in the 
compartmcnt of the side of the body. 
I Phenotype and genotype are similar to those of e, but X. helleri 
originales from Rio Lancetilla, Mexico. 
Tu or vice versa. 3) lt might consist of different oncogenes 
responsible for different kinds of neoplasia, and c-src is one 
of these genes. 4) Also, Tu is identical to c-src, and this 
oncogene can code for a wide variety of neoplasia. At 
present, we cannot make a firm interpretation; additional 
data are required. 
DISTRIBUTION OF c·src 
IN THE ANIMAL KINGDOM 
The presence of c-src in the genome of taxonomically 
different animals, such as chicken, salmon, and Xipho-
phorus, led us to a more systematic search for this 
oncogene in additional taxonomic groups of animals. First, 
different groups of Xiphophorus and different fish genera 
taxonomically related to Xiphophorus were investigated. 
All fish tested (table 4) show a pp60c-src kinase activity 
indicating that c-src must be present (73). Jn addition, c-src 
was evidenced by its kinase activity in a large variety of fish 
TABlE 4.-Expression ofpp60c-.vrr kinase in brain extracts of 
different flsh speciesa 
Species 
X. he/leri 
X. helleri 
X. macuia tus 
II 
II 
X. cortezi 
X. variatus 
X. variatus 
Girardinus fa/catus 
G. meta/licus 
Poecilia sphenops 
Belonesox belizanus 
Heterandria bimaculata 
Xenotoca eiseni 
" See (73). 
Source 
Belize River, British Honduras 
Rio Lancetilla, Mexico 
Belize River, British Honduras 
Rio Jamapa, Mexico 
Rio Usumacinta, Mexico; 
British Honduras 
Rio Axtla/ Panuco System, 
Mexico 
Rio Coy, Mexico 
Rio Panuco, Mexico 
Cuba 
Cuba 
Puerto Barrios, Guatemala 
Chetumal, Mexico 
Lake Catemaco, Mexico 
Highlands of Mexico 
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TABLE 5.-The c-src in eukaryotes0 
Mammals 
Humans (70) 
Calf (70) 
Rat 
Mouse 
Birds 
Chicken 
Quai! 
Bony fish 
Flat fish 
Sea robin 
Mackerel 
Roach 
Gudgeon 
Xiphophorus 
Salmon (70) 
Codfish 
Cichlid 
a See (76). 
Cartilaginous fish 
Shark 
Jawless fish 
Lamprey 
Acrania 
Amphioxus 
lnsects 
Cockroach 
Drosophila 
melanogaster (78) 
Sponges 
Marine sponge 
Freshwater sponge 
and metazoa (other than fish) ranging from mammals to 
sponges (76), which, with the results of other laboratories, 
are listed in table 5. Schart! and Barnekow (76) found no 
c-src in protozoa, algae, and higher plants. 
The ubiquity of c-src in metazoa suggested that this 
homolog of the viral oncogene v-src still has unknown basic 
functions of life closely related to the evolution of the 
multicellular organization of the animals and that neo-
plasia is a characteristic closely related to this evolution. As 
the sponges are known to have evolved in the Protero-
zoic era, the origin of the c-src oncogene has to be estimated 
as having occurred over 1 .5 X 109 years ago (76). 
CONCLUSIONS 
We studied neoplasia of Xiphophorus at different Ievels 
of the biological organization, including species, races, 
populations, generations, littermates, embryos, adults, 
tissues, cells, genomes, chromosomes, and genes and gene 
products. In doing so, we trac.ed neoplastic transformation 
to the activity of I copy or several copies of the oncogene 
Tuthat shows a relation to the cellular counterpart of the 
transforming oncogene of Rous sarcoma virus, the c-src. 
Although we cannot decide now what the basis of the 
relationship between the Mendelian Tu and the molecular 
c-src in Xiphophorus might be (linkage, identity, etc.), and, 
although we still do not have data on the distribution of Tu 
in the animal kingdom comparable to that of c-src, our 
experiments support the assumption that the biological 
fundamentals of neoplasia are, in principle, the samein all 
groups of metazoa including humans (77). Genes that are 
apparently essential for the differentiation and prolifera-
tion of cells to form tissues in the early embryo and to 
maintain the differentiated state of the tissue by cell-cell 
communication in development and during adulthood 
obviously can relapse into their early function, which, 
beyend the early embryonie state, appears as the transform~ 
ing function of the oncogene. 
Of the acutely transforming retroviruses thus far in-
vestigated, all have oncogenes related to cellular genes that 
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arealso present in the normal genome of various vertebrale 
species. We need to know whether they arealso present in 
Xiphophorus and, if so, whether their function is also 
related to Tu. No other animal model would be as suitable 
for this research as the Xiphophorus fish model. 
Norrnally, the oncogenes are under the control of tissue-
specific systems of regulatory genes that have evolved 
population specifically. lnterpopulational and interracial 
hybridization in the preceding generation is the rnain event 
contributing to the disintegration of the regulatory gene 
systems for the oncogene. Germ-line mutations that may 
also disturb the regulatory gene systems are probably less 
important than hybridization because they are always rare 
or may become repaired. Somatic mutations, which are 
among the major factors that trigger carcinogenicity, may 
complete this disintegration. This implies that somatic 
mutation is the primary end of a sequence of events that 
Ieads to initiation of neoplasia (4, 5, 35, 77). 
Although we do not have data on interpopulational 
hybridization in human beings comparable to those of 
Xiphophorus or to the domestic and the classicallabora-
tory animals, it is interesting for one to speculate how much 
effect hybridization might have contributed to the sequence 
of events that Jed to the high tumor incidence observa ble in 
most of our highly developed nations. Such speculations 
are probably of little value for our fight against cancer in 
humans but they could help to identify the factors that 
make an individual insensitive or sensitive to the carcino-
gens of our environment. They could further help in our 
decisions whether we should direct our attention more to 
the promoters in our environment or to the initiators 
because elimination of initiators would have less effect in 
our fight against cancer if individuals would have already 
undergone important events of initiation. 
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